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Chaperonins form large, cage-like structures that act as
protein folding machines. Recent developments in
electron cryo-microscopy and image processing are
helping to reveal the mechanism of chaperonin-
mediated protein folding.
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Introduction
An electron microscope might seem an unlikely instru-
ment to probe protein folding – but electron microscopy
(EM) has moved closer to biochemistry and kinetics in
recent years, as protein folding has moved closer to cell
biology with the discovery of molecular chaperones. The
purpose of this review is to present some exciting devel-
opments in EM and image processing, and to show how
they can provide new insights into the mechanism of
chaperonin action. 
Snapshots of proteins in solution 
The basic advance in this area is the development of elec-
tron cryo-microscopy (cryo EM) [1]. Many people still
associate the use of EM with dehydration and staining of
delicate biological specimens, so that molecular informa-
tion is distorted or lost. These problems are overcome, for
suspensions of large protein complexes or arrays, by
extremely rapid cooling of thin films of such samples. A
thin layer of solution on an EM grid (no more sophisti-
cated equipment than steady hands and a piece of filter
paper is required to produce this) is plunged into liquid
ethane cooled by liquid nitrogen (Fig. 1). Remarkably,
this simple procedure reliably results in solidification of
the layer without ice formation – the protein is suspended
in solid water. Providing that it is kept below –160°C, it is
stable in the high vacuum of the EM column and, more-
over, is more resistant to electron beam damage than a
protein at room temperature. The layer is 1000–2000 Å
thick, and the protein concentration is typically around 
1 mg ml–1 (for GroEL about 1 µM), about 10× more con-
centrated than for negative stain EM. A special form of
the EM sample holder is needed to maintain the speci-
men cooling during transfer into the microscope vacuum
chamber and observation. The imaging is more difficult
than for stained specimens, because proteins are very
weak electron scatterers. In order to see the unstained
protein, defocus and spherical aberration are used to
produce a phase contrast effect in which protein is distin-
guished from the solvent, usually a dilute salt solution.
What spatial resolution can be achieved? 
In principle, the transmitted electron beam (wavelength
~0.03 Å) can produce a projected image of the protein
structure to atomic resolution. For materials insensitive to
electron beam damage, transmission EM images can have
information out to 1–2 Å. However, the main limitations
on protein imaging are beam damage and beam-induced
specimen movement and charging. The low contrast of
such specimens, combined with their beam sensitivity,
means that only very weak images can be recorded, with
low signal to noise ratio. If enough molecules are imaged
and the orientation of each one determined, information
can be obtained to near atomic resolution. With two-
Figure 1
Plunger for vitrifying EM grids. The grid, with a small drop of solution, is
held by forceps, blotted with filter paper to leave a thin film of liquid,
and then immediately plunged into a coolant, where it solidifies to a
glass-like state within ~1 ms. If the plunger is coupled to the atomizer
spray, a reactant can be sprayed onto the grid as fine droplets, just as
the grid descends towards the coolant. The interval can be adjusted so
that the spray is added a few milliseconds before vitrification. Diagram
adapted from [7].
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dimensional crystals of membrane proteins, 3 Å resolution
has been obtained, using about 106 molecules in each case
[2,3]. This resolution has not yet been achieved for mole-
cules in solution (‘single particles’), but a theoretical
analysis indicates that if 10 000 ideal images of a moder-
ately large complex (several 100 kDa) are correctly com-
bined, 3 Å resolution could be obtained [4]. In practice,
106 images of a large complex are likely to be necessary.
At present, it is feasible to collect tens of thousands of
images of a single particle sample, but the computing
power needed to determine their orientations in three
dimensions is considerable, with processing times on a
powerful workstation measured in weeks. Currently, a res-
olution around 10 Å has been achieved for a single particle
data set (M van Heel, personal communication). 
High-resolution data collection
In order to collect data on low contrast specimens with
information out to higher resolutions, the microscope must
be able to transfer spatial information at higher frequen-
cies with good contrast. Developments in the electron
source are providing better contrast transfer by producing
more coherent illumination. Instead of thermal sources,
field emission guns are used to generate high brilliance,
coherent beams to reduce fading of contrast beyond 
~10 Å. Higher voltage sources (200–400 kV) also improve
the resolution. The highest resolution biological EMs
have liquid helium cooling, giving further improvements
to stability and lower radiation damage [5]. To reduce
specimen movement in the beam, a small spot beam is
scanned over the specimen so that only a small area is
exposed at any time (spot scan imaging [6]). On the detec-
tor side, photographic film is generally used, as electronic
detectors are still inferior in spatial resolution and number
of pixels. 
Time-resolved imaging 
One of the most attractive developments for relating
structural and kinetic information is the use of an atomizer
spray for adding a reaction component as the grid is plung-
ing towards the coolant [7] (Fig. 1). This gives time resolu-
tion on the millisecond scale, not readily accessible in
other structural studies. This method was developed to
study the active form of the nicotinic acetylcholine recep-
tor, which persists for only ~10 ms after acetylcholine
binding [8]. However, this procedure does not give a pre-
cisely defined concentration of the reagent being sprayed
onto the grid. Without any special equipment (aside from
the above-mentioned steady hands and filter paper), it is
possible to mix reaction components on the EM grid just
before it is vitrified, with a reaction time down to a few
seconds. For the GroEL ATPase with its half time of 
~20 seconds for a complete round of hydrolysis, this allows
us to probe the ATPase cycle and different stages of
assisted folding, occurring over a time scale of many
seconds to minutes. This time resolution, combined with
the possibility of directly imaging the bound substrate
protein, makes cryo EM a unique tool for structural analy-
sis of chaperoned folding. 
From images of complexes in solution to 3D
reconstructions
The image recorded is a 2D projection of the 3D density,
and the 3D structure information can be recovered if the
3D orientation in space for each molecular image can be
deduced. Thus, the aim of the data collection is to obtain
a distribution of views (orientations) that cover all of space
for a structure. For the processing, the aim is to find the
correct origin and orientation for each view. Once these
coordinates are known, a 3D reconstruction can be calcu-
lated to get a 3D density map of the object. Electron
density maps determined by EM usually agree well with
the low-resolution features of X-ray crystallographic
density maps. EM maps of large complexes provide
density envelopes which can be used to dock together
atomic-resolution structures of the individual compo-
nents, so that the two techniques make a powerful combi-
nation. An example is the structure of the actin filament
with bound myosin heads, assembled from atomic struc-
tures of the actin subunit and myosin head [9]. One of the
most significant developments relevant to structural
analysis of chaperones has been the increase in informa-
tion obtainable from single particle images. There have
been two main lines of development for determining 3D
densities of single particles imaged in a random collection
of directions.
Assignment of orientations for randomly oriented symmetrical
particles
For a single particle sample, the projected structure in
each molecular image depends on the orientation in 3D
space of the molecule giving rise to that image. For highly
symmetrical objects such as icosahedral viruses, the orien-
tation parameters for each particle image can in principle
be determined by finding the angles between symmetry-
related features (the common lines method) [10,11]. For
all possible orientations, the angles between common
lines can be predicted and then compared to the data, in
order to determine the best fitting orientation. Once a set
of views has been identified in this way, a 3D reconstruc-
tion can be calculated by back projection or by Fourier
reconstruction. Thus, if the particles have a random
spread of orientations relative to each other, all of 3D
space can be sampled to give a reliable reconstruction.
However, procedures that do not use any tilting experi-
ments have an ambiguity in handedness of the final struc-
ture: 180° rotation of the structure about an axis in the
image plane gives the same result as mirror reflection.
Reconstruction from tilted images
Another line of development has been to generate the
necessary spread of views by tilting the specimen in the
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microscope. Given the need to limit the exposure, the
most economical method of getting tilted views is random
conical tilting. A field of particles in solution is imaged at
the highest tilt angle for which useful images can be
obtained (technical difficulties restrict this to 40–60°).
The same area is then imaged at 0°, and the direction of
tilt for each particle is deduced from the appearance of
characteristic (preferred) 0° views. The tilted views, once
identified in orientation, are combined into a 3D recon-
struction. This approach was developed for asymmetric
objects such as the ribosome, but is also applicable to sym-
metrical structures [12,13]. Because of the limit on tilt
angle in the microscope, there is a missing cone of data, so
that some information is lost in the z-direction. If there are
symmetry elements in favourable directions, they can be
used to fill in the missing information.
Angular reconstitution
Recently, the first approach has been generalized, for arbi-
trary symmetry, into a powerful and elegant set of proce-
dures in which a set of randomly oriented views of the
particles in solution are collected without any tilting. The
views are sorted into homogeneous classes by multivariate
statistical analysis (discussed in the next section). Then
the relative orientations of the class averages are deter-
mined by comparing their 1D (line) projections [14,15].
For any 3D density, all 2D projections will have at least
one line projection in common, which can be found by
comparing line projections at all angles from pairs of
images. Once a set of views with a sufficient spread of
angles has been found, a 3D map can be determined. If
the specimen has random orientation in the thin film,
there is no missing cone of data with this approach.
Angular refinement from a starting model
The refinement stage of the procedure (Fig. 2) is most
useful for following conformational changes in chaper-
onins. This allows very large data sets to be incorporated
quite easily (aside from the demands on computing
resources), as is needed for extending to higher resolution.
The initial 3D map (starting model) is projected in a set of
equally spaced directions and each image is compared to
the set of model projections, maximizing their cross corre-
lation by adjusting the position and in plane rotation for
each image. A new model is created using the best coordi-
nates for each image and the process is iterated until the
models converge [16–18]. This is an extremely powerful
method and it is sometimes possible, in a crude analogy to
crystallographic molecular replacement, to start with a
model from a related structure, so that only the projec-
tion/correlation part of the process is necessary to get the
new structure. 
The starting model can be a low-resolution structure
determined by conical tilting or derived from an X-ray
crystal structure. In the case of the chaperonin GroEL,
low-resolution reconstructions were obtained without any
tilting by making use of the seven-fold symmetry [19].
This gave structures with very poor angular resolution, but
useful information about the overall structure (proved to
be reasonably accurate by the subsequent crystal structure
determination for GroEL [20]) and movements in the
axial and radial directions. These models have more
recently been used as starting models for angular refine-
ment, which has given much higher quality structures and
clearly defined the conformational changes occurring
during the GroEL and GroEL–GroES ATPase cycles
(Roseman et al., personal communication). The correlation
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Figure 2
Illustration of angular refinement for a
GroEL–GroES complex. Top row, a set of
surface-rendered views of a 3D
reconstruction of the GroEL–GroES complex.
From the left, the orientations are: sevenfold
axis vertical; sevenfold axis vertical and 25°
rotation around the sevenfold axis; sevenfold
axis tipped forward 45°; and sevenfold axis
perpendicular to the plane of view. Bottom
row, 2D projections of the structure in the
corresponding directions.
procedure can also be used to separately reconstruct dif-
ferent forms from a mixed data set, for example the foot-
ball and bullet forms of GroEL–GroES complexes.
Distinguishing chaperonin complexes in different
orientations or substrate binding states by statistical
analysis
Another useful result of cryo EM analysis of chaperonin
complexes was the discovery that a folding substrate could
be imaged as extra density trapped in the GroEL cavity,
adjacent to the hydrophobic binding sites on the apical
domains [19,21]. Because of the low signal to noise ratio,
the presence of substrate density cannot be reliably recog-
nized on individual images, but the average of a popula-
tion of substrate-containing minus empty complexes gives
a clear difference density for the substrate [19]. For a
folding reaction mixture, there is also a way of statistically
classifying the images to distinguish polypeptide-bound
(full) from empty complexes. This method is based on
multivariate statistical analysis, or correspondence analy-
sis, and automatic classification [22,23]. The principle is
illustrated schematically for this problem in Figure 3. A
large data set of views (here represented simply by two
views, image 1 and image 2) are first aligned to the same
position by iterative cross correlation with their average.
The pixels of each image are then arranged as a vector and
the set of vectors into a matrix for statistical analysis. The
eigenvectors of the matrix are determined from a statisti-
cal measure of the similarity between all the image
vectors, giving a set of difference images, or eigenimages.
Each image can then be represented by the average ± a
series of eigenimages. This provides the criteria to classify
them into homogeneous subsets, for example of full and
empty complexes. In this way, the presence of substrate
density in the chaperonin binding sites, although too weak
to be determined on individual images, can be monitored
as a function of time during an in vitro folding reaction by
comparing all the images in the data set. 
This simplified account assumes that all images in the
data set have the same orientation. A real data set will
contain a mixture of orientations, and these will need to
be sorted out as well as the substrate variations. Classifica-
tion of the data set into views at different orientations is
the first step in the angular reconstitution procedure. Rel-
atively large data sets are needed to distinguish substrate
and orientation variations (at least several 1000 images).
However, the analysis gives structural information on
folding complexes under conditions that can be directly
related to kinetic measurements.
Summary
Advances in EM and image processing of single particles
are providing unique information, not obtainable by other
structural or biochemical methods, on intermediates in
assisted protein folding. Aided by new developments in
imaging and data processing from molecular complexes in
solution, conformational changes and transient states can
be characterized.
So far, cryo EM has been particularly useful in revealing
the large rotation of GroEL apical domains in binding
GroES to create an enclosed cavity [19]. Transient encap-
sulation of substrates in this cavity appears to play an
important role in the folding mechanism [24]. Future
prospects include structure determination of transient
forms and of substrate complexes at resolutions capable of
showing -helical elements. In combination with mutage-
nesis and kinetic studies, the methods reviewed here are
likely to provide significant advances in understanding the
chaperonin mechanism.
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